Abstract. The purpose of this study was to evaluate the effect of resveratrol on cytogenetic damages of iododeoxyuridine (IUdR) and x-ray megavoltage radiation (6 MV) in spheroid model of U87MG glioblastoma cancer cell line using clonogenic and alkaline comet assay. Cells were cultured as spheroids (350 µm) that were treated with 20 μM resveratrol, 1 μM IUdR and 2 Gy of 6 MV x-ray. After treatment, viability of the cells, colony forming ability and the induced DNA damages were examined using trypan blue dye exclusion, colonogenic and alkaline comet assay, respectively. Our results showed that resveratrol could significantly reduce the colony number and induce the DNA damages of the cells treated with IUdR in combination with 6 MV x-ray radiation. That results indicated that resveratrol as an inhibitor of hypoxia inducible factor 1 alpha (HIF-1α) protein in combination with IUdR as a radiosensitizer enhanced the radiosensitization of glioblastoma spheroid cells.
Introduction
Malignant gliomas are the most common and deadly intracranial tumors in human being. This tumor includes 50% of total malignant tumors of central nervous system (Van Meir et al. 2010 ). The life expectancy of patients with glioblastoma (GBM), using the current standards of care including surgery, radiotherapy and chemotherapy is on average 14 months. For years radiotherapy has been one of the important candidates to the treatment of these tumors. Although the ionizing radiation hasn't changed, but the ability to focus the beam and fit it to tumors and reducing the dose received by nearby critical structures have been noticeably improved (Van Meir et al. 2010) . One of the approaches to improve the radiation treatment efficiency is using radiosensitizers. Iododeoxyuridine (IUdR) is a halogenated thymidine analogue which incorporates into DNA in synthetic phase and sensitizes the tumor cells against ionizing radiation (Speth et al. 1989) . Although the exact mechanism of IUdR hasn't been understood, but it is hypothesized that IUdR induces formation of single strand break (SSB) and double strand break (DSB) and leads cells to death. Furthermore, the extent of radiosensitization correlates with the level of IUdR-DNA incorporation (Kinsella et al. 2007) .
Multicellular spheroid has been proposed as a model of early tumor growth from which a better understanding of tumor cell heterogeneity and its effects on treatment response might be gained. They are a pattern of solid tumors (in vivo) in a 3-dimentional structure in vitro. So it can estimate the growth and micro environmental condition of real tumors. The absorption of IUdR decreases as spheroid grows in size (Yuhas and Li 1978) . On the other hand, by increasing the size of spheroid and creating the hypoxic cells, expression of hypoxia inducible factor 1 alpha (HIF-1α) is stimulated (Menrad et al. 2010 ).
One of the major causes of cell cycle arrest and leading cells to G 0 phase in hypoxic condition is activation of HIF1α protein (Iida et al. 2002) . In normoxic condition, HIF1α is marked by prolin_hydroxylase_2 and degraded by proteasome. However, in hypoxic condition, as hydroxylase, von Hippel-Lindau (VHL) proteins and HIF are all depressed by a lack oxygen, HIF1α is stable and active (Ke and Costa 2006) . HIF1α is a main regulator of oxygen homeostasis within cells . Under hypoxic condition, HIF1 binds the regulatory region of VEGF and induces its expression. As a result of it, endothelial cells migrate towards hypoxic area and form new blood vessels (Kaur et al. 2005) . It has been reported that over expression of HIF1 induces apoptosis in alveolar epithelial cells by stabilizing p53 proteins and causing cell death (Krick et al. 2005) . Resveratrol, a polyphenolic compound and naturally occurring phytochemical agent, has been shown to induce growth inhibition, S-phase arrest and apoptosis in several human cancer cell lines (Joe et al. 2002) . Furthermore, resveratrol inhibits HIF1α and VEGF expressions (Kim et al. 2013 (Kim et al. , 2014 . Resveratrol didn't change HIF1α mRNA level in the cells, suggesting that resveratrol influences HIF1α protein synthesis or degradation (Wu et al. 2008) . Also it has been proved that resveratrol inhibits cell proliferation and induction of G 0 /G 1 growth arrest by the suppression of cyclin D1 expression (Benitez et al. 2007) . Interestingly no side effect has been seen so far (Aluyen et al. 2012) . Therefore, in the present study, we have investigated the combined effect of resveratrol and x-ray megavoltage radiation on the cytogenetic damages caused by IUdR in the spheroid model of the U87MG glioblastoma cell line. U87MG is an established cell line that can self-assemble into large, stable spheroids through a combination of intracellular communication and diffusion. In this study, we used spheroids with 350 μm diameters. This guarantees the existence of hypoxic cells.
Materials and Methods

Cell line
Human glioblastoma cell line, U87MG, was purchased from the Pasteur Institute of Iran. This cell line was maintained in MEM (PAA laboratories, GmbH, Austria) supplemented with 10% fetal bovine serum (FBS) (PAA), 100 U/ml of penicillin and 100 mg/ml of streptomycin (PAA).
Monolayer culture and doubling time calculation
Cells were cultured as monolayer at a density of 10 4 cells/cm 2 in T-25 tissue culture flasks (Orange Scientific, Belgium). Cultures were maintained at 37°C in a humidified atmosphere and 5% CO 2 . Cells were harvested by trypsinizing cultures with 0.25% trypsin and 0.03% ethylene diamine tetraacetic acid (EDTA) (Sigma) in phosphate buffer saline (PBS) (Sigma). Three passages after cells thawing, the cells were cultured at a density of 2 × 10 4 per well in multiwell plates (24 wells/plate) (Orange). At 24 hours intervals, the cells from triplicate wells were removed by 1 mM EDTA/0.25% Trypsin (w/v) treatment and counted in a hemocytometer. An average of nine counts was used to define each point. Doubling time was calculated using the slope of the logarithmic phase of growth curve.
Spheroid culture and volume doubling time calculation
Spheroids were initiated using the liquid overlay technique. 5 × 10 5 cells were seeded into 100 mm petridishes (Orange) coated with a thin layer of 1% agar (Merck) containing 10 ml of MEM supplemented with 10% FBS. The plates were incubated at 37°C in a humidified atmosphere and 5% CO 2 . Half of the culture medium was replaced with fresh culture medium twice per week (Khoei et al. 2004) . At 3 days intervals, two vertical diameters of 20 random spheroids were measured using inverted microscope. Spheroid volumes were calculated by Eq. 1:
(1)
( 1) where "a" and "b" are the small and large diameters of each spheroid, respectively. Volume doubling time was calculated using the slope of the logarithmic phase of spheroid growth curve.
MTT assay
After 19 days, spheroids with 350 µm of diameter were dispersed and plated into 96 well plates (Orange) and incubated for 24 h at 37°C in 5% CO 2 . Cells were subsequently exposed to incremental concentration of resveratrol (50-500 μM) in 200 μl MEM and incubated for 72 h. Resveratrol was dissolved in ethanol and the final concentration of ethanol added to the medium was 0.1% (v/v). The same concentration of ethanol was added to the control cultures of cells. Then, 20 μl 3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide (MTT) (0.5 mg/ml) was added to each well protected from light and incubated at 37°C for 3.5 h. Formosan crystals were dissolved by adding 200 μl of DMSO for 15 min. An ELISA plate reader was used to read the absorbance with a wave length of 570 nm and 630 nm which served as a reference (Nezamtaheri et al. 2012) .
Irradiation procedure
The irradiation of DU145 was performed using x-ray beams at the Shohadaye Tajrish Hospital. For all cells, irradiation treatments were done under a calibrated 6 MV x-ray beam from a Varian linear accelerator (Varian Associates Inc., California, USA) with 2 Gy radiation dose. The U87MG spheroids in T-25 flask were irradiated at room temperature. The flasks were completely filled with medium. For the xray setup, the irradiation was performed at 100 cm source to surface distance (SSD) using a 40 cm × 40 cm field size (dose rate 1 centiGray/Monitor Unit (cGy/MU)) and under a full scatter condition. The Linear Energy Transfer (LET) of 6 MV x-ray radiation with 28.13 mm practical range at target was 213.29 ev/µm.
Spheroid treatment
Cells were cultured for multicellular spheroid formation. On day 21, spheroids with diameter 350 μm were treated with IUdR and/or resveratrol and/or 2 Gy of 6 MV x-ray radiation. IUdR and/or resveratrol treatment were done for 1 volume doubling time (67 hours) at 37°C in a humidified atmosphere and 5% CO 2 . As control, one group was treated with 0.1% ethanol. Other treatments were performed according to following group: 1. Treated with resveratrol (IC10:20 μM) for 67 hours 2. Treated with IUdR (1 μM) for 67 hours 3. Irradiated with x-ray (2 Gy) 4. Treated simultaneously with resveratrol (20 μM) and IUdR (1 μM) for 67 hours 5. Treated with resveratrol (20 μM) for 67 hours then irradiated with x-ray (2 Gy) 6. Treated with IUdR (1 μM) for 67 hours then irradiated with x-ray (2 Gy) 7. Treated simultaneously with resveratrol (20 μM) and IUdR (1 μM) for 67 hours then irradiated with x-ray (2 Gy). The viability of control and treated spheroids were determined using trypan blue dye exclusion assay. Then the cytotoxic effects and DNA damages were measured using colonogenic and alkaline comet assay, respectively.
Trypan blue exclusion assay
A suspension of treated and control single cells from spheroid cultures were mixed with trypan blue at a ratio of 9:1. After a few minutes the mixture was examined under an inverted microscope (Motic. A251) and the blue cells were considered dead. The percentage of unstained cells out of the total number of cells was the viability of each cell category.
Colonogenic assay
Irradiated and control single cell suspensions from spheroid culture were seeded in 60 mm petridishes (Orange) and grown in MEM containing 10% FBS. The cells were incubated at 37°C in a humidified atmosphere of 5% CO 2 for ten days. After this interval, the colonies which contained a minimum of 50 cells were counted by an inverted phase microscope and the plating efficiency was determined by Eq. 2.
Alkaline comet assay DNA fragmentation was assessed using single cell gel electrophoresis (Comet) assay, previously optimized by our group (Fazeli et al. 2007 ). Comet tail moment was determined by measuring the fluorescence intensity using the Comet score software.
Statistical analysis
Data were given as mean ± SEM with n denoting the number of experiment. Analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey's test as the post hoc analysis using SPSS version16. The value of p < 0.05 was considered to be significant.
Results
Cell characteristics
The U87MG glioblastoma cell line grows as a monolayer on tissue culture flasks. The growth curve of these cells in the monolayer culture is shown in Figure 1 . The population 
Spheroid culture
Spheroids were cultured using the liquid overlay technique. The volume doubling time (the period of time required for a spheroid to double in volume) calculated from the spheroid growth curve was approximately 67 ± 0.91 hours (Neshasteh- Riz et al. 2008) . Figure 2 shows the phase contrast micrographs of this spheroid 21 days after spheroid culture of diameter 350 µm.
Viability assay
Immediately after cell treatment with resveratrol (Res), IUdR and radiation, cells were counted and viability was determined using the trypan blue dye exclusion assay. Figure 3 shows the effect of resveratrol, IUdR, radiation and combination of them on the viability of U87MG spheroids. As can be seen, neither of them has any effect on the viability of cells in spheroid culture (p > 0.05).
MTT assay
The effect of resveratrol on the viability of U87MG cells was determined by MTT assay is shown in Figure 4 . The half maximal inhibitory concentration (IC50) for resveratrol was calculated as 60 μM; IC10 (20 μM) was used for treatment of cells.
Effects of resveratrol, IUdR and x-ray radiation on colony forming ability
The cell response to drugs and radiation in terms of colony formation was studied by applying 20 µM resveratrol, 1 µM IUdR and 2 Gy of 6 MV x-ray radiation on the basis of 7 groups described in the section of Materials and Methods. Plots of plating efficiency versus different treatments for 21 days old spheroid cultures are shown in Figure 5 . In 350 μM spheroids, 20 µM of resveratrol didn't reduce the plating efficiency in comparison with control (p > 0.05). In contrast, 1 µM IUdR and 2 Gy x-ray radiation separately reduced the colony forming ability of the cells (p < 0.001). The plating efficiency (PE) of treated spheroids with resveratrol+IUdR was reduced in comparison with spheroids treated with IUdR or resveratrol alone (p < 0.001). Furthermore, colony forma- tion ability was reduced significantly in groups treated with IUdR+x-ray in comparison with x-ray radiated spheroids (p < 0.001), but there is not significantly difference between the PE of spheroids treated with resveratrol+x-ray compared with irradiated spheroids (p = 0.957). Finally, the colony forming ability of spheroids treated with resveratrol+IUdR and then irradiated with 2 Gy of 6 MV x-ray radiation was significantly reduced in compared with spheroids treated with IUdR+x-ray or resveratrol+x-ray (p < 0.001).
Effects of resveratrol, IUdR and x-ray radiation on DNA damages
The average of tail moments in each category of cells was used as an indication of DNA damages. Figure 6 shows the distribution of tail moments in control and treated spheroids. As it can be seen, the calculated tail moments in spheroids treated with resveratrol are as much as control group (p = 0.696). But treating spheroids with IUdR or xray and combination of them significantly increased DNA damage compared with control group (p = 0.002 and p < 0.001, respectively). Surprisingly, treating spheroids with resveratrol+x-ray increased DNA damages compared with spheroids exposed to x-ray beam (p < 0.001). However the extent of DNA damages induction due to IUdR+x-ray was significantly more than resveratrol+x-ray (p < 0.001). Finally, the DNA damages were significantly increased in the presence of resveratrol+IUdR+x-ray as compared to the both groups of resveratrol+x-ray and IUdR+x-ray (p < 0.001). 
Discussion
Hypoxic cells are one the main characteristics of advanced tumors which is caused by the structural and functional abnormalities of the tumor microvasculature, rapid expansion of tumor mass and tumor associated anemia (Vaupel et al. 2001) . The first response to hypoxic condition is up regulating of HIF-1 protein (Dachs et al. 1997; Fruehauf and Meyskens 2007) . It will decrease apoptosis, increase tumor growth, induce VEGF and reduce S-phase indices (Lee et al. 2009 ). It was revealed that disrupting the progression of G 1 /S phase during hypoxia is due to inactivation of CDKs (Sangfelt et al. 1999) . Resveratrol is a natural polyphenolic phytoalexin found in grapes, peanuts and various other fruits (Athar et al. 2007 ). Recent studies show that resveratrol induces apoptosis (Jiang et al. 2005) , suppresses the angiogenesis and tumor growth (Tseng et al. 2004 ) and decreases HIF-1 levels in different tumor cell line (Cao et al. 2004; Wu et al. 2008; Trapp et al. 2010) . Zhang et al. (2005) showed that resveratrol inhibits HIF-1α protein expression via regulating both protein translation and HIF-1α protein degradation. Iododeoxyuridine is a halogenated pyrimidine that can be incorporated into DNA instead of thymidine during DNA replication. This halogenated pyrimidine is considered as clinical radiosensitizer, where the extent of radiosensitization correlates directly with the level of halogenated pyrimidine-DNA incorporation (Kinsella et al. 1987; Lawrence et al. 1990; Miller et al. 1992) .
Multicellular tumor spheroids are a well-established 3-D in vitro model system that reflects the pathophysiological in vivo situation in tumor system. Spheroids show more resistance to ionizing radiation as compared to monolayer cultures (Olive and Durand 1985; Bates et al. 2000) . Furthermore it has been revealed that as spheroids grow, IUdR absorption is decreased. Both of mentioned results have been attributed to presence of hypoxic and G 0 cells in spheroids.
It was reported that treatment of cells with IUdR alone or in combination with radiation could increase DNA damage in glioblastoma cell line (Phillips 1995) and by enhancing the IUdR incorporation into DNA, damages will increase. In this study we evaluated that resveratrol can increase the radiosensitization of 350 μm glioma spheroids treated with IUdR.
As shown in Figure 2 , 20 µM resveratrol, 1 µM IUdR and 2 Gy of x-ray radiation had no significant effects on viability of the cells. Consistent with previous studies (Khoei et al. 2011) , our data showed that treatment of U87MG glioblastoma spheroids with IUdR or radiation and a combination of them can increase DNA damages and reduce colony forming ability. Figure 5 and 6 indicated that 20 μM resveratrol had no effect on colony formation ability and DNA damages. Also, combination treatment with resveratrol and 2 Gy of x-ray radiation increased the DNA damages, but didn't change the colony formation ability compared with irradiated group alone. This difference between comet and clonogenic assays results could be due to the time. Alkaline comet assay shows single strand breaks (SSB), double strand breaks (DSB) and apurinic/apyrimidinic (AP) site. In this study, DNA damages were measured immediately after treatment. Therefore, all damages could be detected using comet assay whereas colony formation ability was assayed after ten days. Therefore, cells had enough time to repair DNA and cell damages. Hercbergs et al. (2011) shown that more than 95% of DSB were repaired within 300 minutes after the x-ray radiation in U87MG cell line.
Numerous studies have shown that resveratrol can activate apoptotic cascade in high dose. It is able to initiate apoptosis by different pathway such as the mitochondrial pathway (Jiang et al. 2005 ). More ever it is shown that resveratrol could arrest cell cycle in G 2 /M phase which is a sensitive phase against radiation (Joe et al. 2002) .
Effect of resveratrol on U87MG spheroids should be investigated. But we speculate that resveratrol can increase the cell cycle arrest in G 2 /M phase and also the number of apoptotic cells. But the difference between comet and clonogenic assays results could be due to the time. Cells had enough time to repair DNA damages and therefore cellular damages in colonogenic assay. In addition, the results showed that resveratrol could increase DNA and cell damages induced by radiation in spheroids treated with IUdR radiosensitizer. These results are very similar to our previous study on the role of 2-methoxyestradiol on the cytotoxic effects and DNA damages of iododeoxyuridine and 60 Co radiation in spheroid culture of U87MG glioblastoma cell line (Khoei et al. 2011 ). This might be due to HIF-1α protein inhibition effect of resveratrol. By suppressing the activity and expression of HIF-1α, resveratrol caused an increase in cell progression into S phase and IUdR absorption and finally radiosensitization.
Conclusion
Combined treatment with resveratrol and X-ray significantly increased DNA and cell damages caused by IUdR. Our findings support the pretreatment of cells with resveratrol+IUdR before radiation with 6 MV x-ray to enhance tumor radiosensitization and possibly improve the therapeutic index for radiation.
